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Reflective Essay 
 
 My research project began with a curiosity about the field of chemistry I hope to enter 
post-graduation. Entering my sophomore year, I knew I was passionate about the environment, 
enjoyed electrochemistry, and loved both lab and field work. After talking to several professors, I 
determined that my career interests fit within a discipline called “biogeochemistry”. I began 
simple google keyword searches for the field, coupled with “metals” or “lagoon”, and I selected 
research purely on how much it interested me and appeared accessible based on the 5C’s current 
instrumentation. I often turned to Illiad to acquire specific papers published in less popular 
journals that contained precisely what I needed. After discovering what these fields actually 
researched, I presented feasible papers to my advisors and began a project investigating the ways 
aerobic/anaerobic processes influenced the cycling of metals in lagoon-type environments. Since 
no professors at the 5C’s do research in biogeochemistry, I planned to use my project to confirm 
that biogeochemistry is the label my passions fit. Unfortunately, I didn’t acquire any literature 
that replicated my intended project, and I soon learned that iron precipitates past the limit of 
detection in the slightly basic pH of a lagoon. My transition from metal remediation in lagoons 
to metal remediation in compost occurred through the results of searching for “metal 
remediation in acid environment”. Results varied from mine tailings, which wasn’t feasible for 
my project, to sewage, which was feasible but undesirable, but eventually I scrolled through and 
discovered that the fate of metals during the composting process was an active area of research. 
As summer began, I extensively searched for literature explaining the science behind composting 
to design my research project, but during the first week of research I discovered that this project 
wasn’t logistically feasible due to the length of time composting takes. Nevertheless, identifying 
current biogeochemistry research, determining that my initial plan for studying iron cycling in a 
lagoon was not feasible, and subsequently identifying metal remediation in compost as possible 
could have only been done with the literature accessible through the library, especially through 
the Illiad service.  
 My transition from researching metal remediation in composting to metal retention in 
Pomona College’s bioswale occurred by pure happenstance; the professor whose house I was 
renting this summer had the project funded but unfilled. The project matched my prior 
	 2	
experience with measuring total metal concentrations in soil from Environmental Analysis Core 
Lab, but the runoff entering the bioswale generates additional oxic/anoxic cycling as well as a 
profile of metal retention. With these more complex processes, I was interested in additional 
methods of quantification and analysis. To expand the project to suit my interests I began to 
investigate additional research methodologies: the role of phytoremediation, the distribution of 
metal fractions, and even the microbial ecology of the rhizosphere (how the bacteria around the 
plant roots controls metal redox and uptake). Having no experience with any of those subjects, I 
began scouring various journals and checking cited papers for the methodologies, results, and 
limitations of relevant techniques. For my summer research, I relied upon literature I found using 
the library’s databases and the limited feedback of my advisors to generate my project, shape my 
research questions, and design my experimental procedures. During these literature searches, I 
indexed through papers to read the content they cited, keyword-searched every plant to try to 
determine if its metal uptake was measurable, and began to search through prominent authors’ 
papers for their methodology – even going as far as to email one of the authors and call another 
for their protocols. I kept papers with well-documented methods and results relevant to our 
bioswale while eliminating those that called for instrumentation not present in Claremont. In 
several cases, I adapted the methods of these papers into my own research or used publications to 
eliminate my ability to undergo some methods due to lack of sufficient information. 
 During fall semester, I began to use the ArcMap software in the Digital Toolshed to 
interpolate my data. With some assistance from Warren Roberts, I learned how to generate heat 
maps of my metal concentrations using Empirical Bayesian Kriging (EBK). When I presented 
my EBK results to my advisors, they suggested these results were publishable and provided me 
with a list of journals for me to gauge my ability to publish in them. With these journals and 
more experience doing literature searches, I used more sophisticated tools like SciFinder and 
ScienceDirect to identify relevant papers, parsing several times through their “citing/cited by” 
entries for papers similar to mine. Being more of a case study than an experimental study, I 
searched for journals that specifically contained case studies on metals in the environment. I 
identified a few papers in Science of the Total Environment that were case studies focusing on 
topics and analytical techniques I used myself. I am now working with my advisors to revise my 
paper to publish in Science of the Total Environment, primarily by focusing the paper on the 
	 3	
location-specific aspects of sequestration, the robust group of metals studied, and the soil 
fractions rather than the holistic report of my research as it currently exists. I could not have 
done this project without access to the journals provided by the library, the ability to acquire 
papers through Illiad, or access to the ArcMap in the Digital Toolshed as provided by the library.  
Throughout my project, I relied upon literature I accessed via the library website to judge 
prominent research in biogeochemistry, identify a potential project, learn the methods and their 
nuances for analyzing facets of metal bioremediation, and identify a journal to aim to publish in. 
In addition, the digital toolshed allowed me to analyze my data with advanced geostatistics, 
which is what helped my research become publication-worthy. My skills for searching literature 
effectively also increased throughout the process allowing me to more quickly sift through large 
databases to find the information I needed to progress my research towards publication in the 
very journals I used to develop my project. 
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Abstract 
 
 Background: Bioswales are a type of permeable green infrastructure designed to slow 
storm water runoff, and clean runoff by sequestering pollutants such as heavy metals. The 
influence of bioswale features such as slope, terrain, soil type, depth, and vegetation on the efficacy 
of bioswales in processing storm water runoff is an active area of research aimed partly at 
optimizing bioswale design and construction. 
 Methods: A bioswale at Pomona College was used to study several elements of bioswale 
performance. Concentrations of aluminum, cobalt, chromium, copper, iron, magnesium, 
manganese, nickel, lead, vanadium and zinc were measured in surface soil, depth soil, and at 
several plant locations. The distribution of metals in surface, depth, and rhizosphere soil fractions 
were measured to analyze the roles of location along the water flow axis, bioswale terrain, 
sampling depth, vegetation types, and soil chemistry on the distribution of metals. Soils were 
digested according to EPA Method 3051 and for soil fractions, a modified Tessier et. al. (1979) 
sequential extraction protocol, and metal concentrations were quantified using ICP-OES. Principal 
Component Analysis (PCA) was used to determine the fractions of measurement variation 
explained by water flow axis and other variables. Regression models were applied to test whether 
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the surface sample concentrations of metals decreased with distance from bioswale inflow. 
Empirical Bayesian Kriging in ArcGIS interpolated metal concentrations across the surface of the 
bioswale, allowing the sources of metal pollution and relative effectiveness of various groundcover 
at sequestration to be inferred. 
 Results: The PCA found that the location of samples on the axis of water flow explains 
62% of the variance between surface soil samples and the linear regressions of these surface 
samples determined that the anthropogenic metals zinc, lead, cobalt, and manganese all decrease 
significantly along this axis (p-values from <0.01 to <0.1). These metals are introduced via road 
runoff from tires and oil, whereas other metals are introduced via aerosols from brake pads. Plant 
species sampled were local Carex, Juncus patens, Epilobium ciliatum subsp. ciliatum, and 
introduced Phoenix date palm, none of which exhibited significant abilities to uptake metals. 
Sequential extraction and ICP-OES quantification revealed that high percentages of all metals are 
bound to organic matter in soil, and indicated that zinc, lead, cobalt, manganese, and chromium 
are preferentially bound to non-organic soil fractions whereas aluminum, vanadium, magnesium, 
and copper are preferentially bound to the organic soil fraction.  
 Conclusions: Orientation of the bioswale to water flow axis, slope and linear length are 
predictors of runoff metal concentrations. Bioswale vegetation needs to be selected in accordance 
with bioswale conditions but also metal absorption ability to further clean stormwater runoff. Trees 
appear superior to rocks and sedge at sequestering metals in soil. The bioswale decreases the 
concentration of metals in water infiltrating into underground aquifers. 
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1. Background 
 
 Urbanized regions in water-scarce regions with large fractions of impervious surfaces are 
increasingly seeking to conserve water and utilize “nuisance” water such as stormwater runoff to 
recharge local groundwater sources. While gray infrastructure such as culverts and holding tanks 
are effective in managing the volume of stormwater runoff, blue-green infrastructure (BGI) such 
as rain gardens, artificial wetlands, and bioswales can remediate pesticides, fertilizers, heavy 
metals, and other pollutants in water using an artificial wetland ecosystem (Birch and Wachter, 
2008). The popularity of bioswales has grown recently as they exhibit desirable features of BGI 
particularly well: they are decentralized with a comparatively small surface footprint, are cost-
effective, have the capacity to quickly capture and filter large amounts of surface run-off, and 
provide multiple direct and indirect benefits to nature and humanity, including clean air, carbon 
sequestration, wildlife habitat, visual amenities, and community and property enhancements 
(Wagner et al., 2013). Nevertheless, what constitutes a well-designed and implemented bioswale 
or system of bioswales remains a key research question. The optimal design and implementation 
of bioswales from small individual patches to large interconnected systems of BGI for 
bioinfiltration are not yet well understood as research has focused largely on individual case 
studies of limited geographic extent or individual pollutants (Kazmierczak and Carter, 2010). 
Jurries (2003) focused on components and construction styles common to bioswales in Oregon, 
some of which were found to reduce phosphorus and nitrate in runoff by up to 80%. Although this 
study extensively lists possible features such as check dams, recommended soil properties, and 
optimal geometries for shaping a bioswale, it focuses primarily on phosphorus and nitrate 
concentrations in water entering and leaving the swale. While Xiao (2011) reported that a linear 
engineered bioswale with planted trees along a parking lot was able to reduce runoff by 89% and 
total pollutant loading by 95%, Mazer et al. (2001) found that shade and biomass debris coverage 
were important factors influencing inundation and stormwater capture rates. They also discovered 
that vegetation abundance is not necessarily a good predictor for bioswale performance, cautioning 
that ‘healthy-looking’ bioswales may actually be underperforming. The role of trees in water 
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capture, retention and outflow management was examined by Scharenbroch et al. (2015). Using a 
test site in Lisle, IL, the authors evaluated several trees in bioswales for their growth, condition, 
and effects on water cycling via transpiration. This analysis reveals that trees in bioswales 
accounted for 46% to 72% of total water outputs via transpiration, thereby reducing runoff and 
discharge from the parking lot. Furthermore, not all tree species studied performed equally; 
stomatal conductance, diameter growth, and condition varied, causing the trees to contribute 
differentially to the functional capacity of bioswales. Another study on low-impact parking lot 
bioswales in Tampa, FL (Rushton, 2001) found water capture fractions below expectations of 30% 
and detected polycyclic aromatic hydrocarbons (PAH) in bioswale sediment, with highest 
concentrations in bioswales receiving runoff from asphalt-covered parking lots. 
The effectiveness of bioswales in removing dissolved metals is still being tested, although they 
are now considered a best management practice tool for stormwater nutrient removal. Brix et al. 
(2015) found that a well-designed, multi-step stormwater system that included a forested wetland 
and retention pond was able to reduce zinc concentrations in stormwater runoff to levels below 
acute toxicity for aquatic life. Kabir et al. (2014) proposed a first metal biogeochemical cycle 
model for green water infrastructure that to our knowledge has not yet been tested widely. 
Enhancing our understanding of the ways bioswale features affect sequestering metals can support 
design features and implementation decisions for bioswales in urban areas impacted by 
anthropogenic metal pollution in stormwater. 
The research of the Pomona College bioswale builds on an undergraduate senior thesis project 
conducted at Pomona College (Lewis et al., 2016), which reviewed bioswale technology, the 
historical hydrology of the greater Los Angeles region, a summary of water management policies 
in the local water districts, and a case study of metals in runoff through the bioswale at Pomona 
College. While Lewis et al. (2016) measured the concentrations of metals in the runoff at several 
locations during two rain events, they did not analyze sequestration or phytoremediation of these 
metals. The present study adds to their work and knowledge of bioswale performance by collecting 
additional soil metal concentration measurements, examining the distribution of metal 
concentrations at the surface and at depth, investigates the role of bioswale vegetation in pollutant 
absorption, and maps surface metal concentrations spatially across the bioswale. The study, also 
specifies the distribution of metals in soil fractions by exposing samples to a series of solutions 
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that increase in extraction ability, quantifying the soil fractions that best retain infiltrated metals. 
2. Methods 
 
2.1 Description 
 The Pomona College bioswale was completed in 2012 in conjunction with the construction 
of a new parking garage on Columbia Avenue. It processes runoff from approximately three 
hectares of water per Lewis et. al. (2016). This study focuses on the three catchment basins on the 
west side of the bioswale, because previous observations identified higher water flow compared 
to the east side. The bioswale consists of approximately six inches of topsoil above clay, and 
stormwater flows through a series of three catchment basins separated by two river rock berms 
implemented to slow water flow. Each catchment basin contains three distinct vegetative and 
design areas: the West side has white alder (Alnus rhombifolia), the middle section is rocky and is 
the lowest area, designed for water to flow, and the East side is overgrown with native Carex 
sedge, most likely vernacula. Vegetation includes other native such as Elk Blue (Juncus patens) 
and Epilobium ciliatum subsp. Ciliatum as well as non-native species of Phoenix date palm, most 
likely dactylifera. 
     
Figure 1: Diagram of Pomona College bioswale and aerial photo with direction of flow path 
indicated along rocky section. 
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2.2 Sampling Design and Chemical Analysis 
 
Sampling locations were measured via Trimble GeoXT GPS unit with a median precision of 
50 centimeters. To profile metal concentrations in the bioswale, the west, middle, and east flow 
paths were sampled in an approximately regular grid of ten feet interval length, starting with three 
samples in the first catchment basin, nine in the second catchment basin, and six in the third 
catchment basin. The majority of samples were removed at surface soil (0-2 inches of soil, below 
leaf litter) as well as several depth samples at 2-4 inches and 4-8 inches below surface. Samples 
were acquired by collecting approximately 20 grams (g) of soil from several places within a circle 
with 4 inch radius around a central point and sieving three times with a 20 mesh 0.833 mm size 
sieve. In addition, four sedge plants across the East flow path and one sample of Juncus, Epilobium 
and Phoenix were sampled to determine their role in phytoremediating metals. Plants were 
sampled by identifying a “ponytail” of stalks within a 6 inch radius of the center, then extracting 
the roots and rhizomes of the ponytail of plants. Plants were dissected into stalks, roots, and if 
present, leaves, flowers, rhizomes, and rhizosphere soil. Rhizosphere soil was identified as the soil 
attached to the roots that resisted light agitation, and was extracted by more selective physical 
processes such as brushing. Pseudo-total plant metal concentrations were obtained using 
microwave-assisted digestion in nitric acid as specified by EPA Method 3051 using a CEM MARS 
Xpress. Although this method does not measure the residual metal fraction, it was used because 
runoff metals are unlikely to become mineralized into the residual fraction. All samples received 
10 milliliter (mL) of nitric acid, but 0.3 g of soil were digested versus 0.5 g of plants. After 
digestion, samples were filtered, diluted to 25 mL with deionized water, and stored in 
poly(propylene) test tubes for processing via PerkinElmer Optima 8300 ICP-OES. A five-point 
standard consisting of 0.01 parts per million (ppm), 0.1 ppm, 1.0 ppm, 10 ppm, and 100 ppm 
chromium, manganese, iron, nickel, copper, zinc, lead, cadmium, cobalt, silver, mercury, 
vanadium, thallium, magnesium, and aluminum, with an additional 500 ppm aluminum and iron 
standard, were used. These standards were made from a VWR Transition Metal Group standard 
modified with a known concentration of aluminum and iron, and spectra were acquired axially for 
the lowest detection limits and fit linearly through zero. 
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In addition, a sequential extraction procedure modified from Tessier et al. (1979) was used to 
characterize the distribution of metals bound to the exchangeable, carbonate, iron-manganese 
oxide, and organic fractions. The exchangeable fraction is described as metals dissolved through 
ionic activity, and it is the weakest bound fraction. The carbonate fraction is sensitive to acidic pH 
levels, and it is less available than the exchangeable fraction. The iron/manganese oxide fraction 
is bound to mineral surfaces, often found in between and around granules of soil, is the least 
available sample extracted, and it is sensitive to anoxic conditions. The organic fraction is the most 
tightly bound fraction, and it is more available than the iron/manganese oxide fraction (Tessier et. 
al. 1979). 
Sequential extraction begin with one gram of soil dried in an oven at 50 °C or above overnight, 
and the exchangeable fraction was extracted by adding 8 mL of 1 molar (M) sodium acetate with 
pH adjusted to 8.2 for one hour in an incubator at 250 revolutions per minute (rpm) and 25 °C. 
Samples were centrifuged at 12,100 g for 30 minutes after digestion, filtered using a Büchner 
funnel, and diluted to 50 mL with deionized water. After removing soil, it was dried overnight and 
massed for the next round of extraction. Almeida et. al. (2014) indicated that drying the soil did 
not affect sequential extraction results, so soils were dried before the next extraction. The carbonate 
fraction was extracted by adding 8 mL of 1 M sodium acetate with pH adjusted to 5.0 with acetic 
acid for five hours in an incubator at 250 rpm and 25 °C. The sample was centrifuged, filtered, and 
soil was dried as described above. The iron-manganese oxide fraction was extracted by adding 20 
mL of 0.04 M hydroxylamine hydrochloride in 25% (v/w) acetic acid for six hours in an incubator 
at 50 rpm and 80 °C. The Tessier et al. (1979) procedure calls for 96 °C, but the equipment is 
incapable of reaching that temperature. After centrifugation, filtration, and drying, the organic 
fraction was extracted using the EPA 3051 technique instead of the step Tessier et al. (1979) 
describes due to similarity in procedures and convenience. 
2.3 Data Analysis 
 
Prior to data analysis, the cadmium, mercury, and thallium concentrations were excluded 
because they were below detection thresholds. The measurements for silver were removed due to 
contamination, and several outliers with negative values were edited to zero. Linear regression 
models and the Principal Component Analysis (PCA) were implemented in the R statistical 
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computing language (R Development Core Team, 2008) and using Rstudio. Empirical Bayesian 
Kriging (EBK) was done in ArcMap Version 10.4 to obtain heat maps of the distribution of metal 
concentrations across the bioswale. The assumptions for using linear regressions and Bayesian 
Kriging analysis were verified with sample probability distribution plots, Q-Q plots, and Thessien 
polygons. Semi-variograms were fit with a power model and also screened for outliers. 
3. Results 
 
 Many papers on metal remediation in soil select a few metals of significant environmental 
damage to represent heavy metals, such as the selection of cadmium, copper, lead and zinc in Li 
et. al. (2016) or the focus on cadmium, lead and zinc in Leroy et. al. (2016). Atomic emission 
spectroscopy allows for the simultaneous quantification of many metals as in this study, but these 
metals may be introduced and sequestered in unique pathways. Principal Component Analysis was 
used to identify the primary causes of variation in the metal concentrations in soil, and for most 
soil samples, the first PCA dimension explained more than 50% of their variance. Using PCA on 
the surface soil samples suggests that variability in metal concentrations is primarily due to their 
sampling location in the catchment basin. Noise in PCA grouping is attributed to nuances in 
hydrology between sampling locations. The linear combination of metals that generate dimension 
two split the metals into distinct clusters: zinc, cobalt, copper, lead, and manganese versus 
chromium, iron, aluminum, and vanadium. This distinct clustering of metals indicates differing 
behavior between these clusters of metals in the surface bioswale soil. 
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Legend: 
blue: first catchment basin; 
green: second catchment basin; 
red: third catchment basin 
Figure 1: Results of PCA for selected metal concentrations. The upper right corner depicts the loading of 
the metals according to the first and second dimensions (PCAdim1 and PCAdim2, respectively) as 
projected onto orthogonal x- and y-axes. 
 
While the PCA indicates that similarities exist between samples, it does not prove that metal 
concentrations actually decrease across the flow path of the bioswale. Linear regression models 
were fit for each metal as a function of latitude of the sample’s locations in the bioswale to confirm 
the clustering identified by the PCA results. Since metals differ in their prevalence in the bioswale, 
e.g., iron is more abundant than chromium, the unstandardized slopes of latitude in the linear 
regression models does not necessarily indicate how much a metal decreases in concentration with 
changing latitude in the bioswale compared to other metals. Instead, the p-values were used as 
indicators of how significantly the metal’s concentration decreases across the bioswale’s axis of 
water flow. 
Figure 2 
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Metal (in decreasing order of 
statistical significance) 
Slope Standard deviation p-value 
Zinc -2.4878 0.589 0.000737 
Lead -0.0622 0.017 0.00223 
Cobalt -0.0302 0.120 0.0236 
Copper -0.3640 0.178 0.05873 
Manganese -0.4169 0.207 0.0627 
Iron -11.8180 7.345 0.128 
Chromium -0.0189 0.013 0.176 
Magnesium -2.6820 2.273 0.256 
Nickel -0.0236 0.021 0.269 
Vanadium -0.0171 0.023 0.463 
Aluminum -4.5265 6.183 0.475 
Table 1: Slopes and standard deviations (in parts per million/meter) from linear regression models of 
metal concentration on latitude. 
 
 As Table 1 displays, zinc, lead, and cobalt have p-values below the significance level 0.05, 
while copper and manganese are still marginally significant at p<0.1, indicating that their 
concentrations decrease along latitude in the bioswale. These metals are likely the result of 
anthropogenic emission sources, such as tire wear in road runoff, and their decrease in 
concentration along the bioswale’s main flow axis indicates their successful sequestration by the 
bioswale. In addition, PCA analysis clustered these metals separately from the others in their 
loadings on PCA dimension 2, indicating a different distribution for these metals than the rest. To 
view the decrease of these metals along the bioswale, Empiricial Bayesian Kriging was used to 
estimate the concentration field between sampling locations for each metal. 
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Figure 2: Bayesian Empirical Kriging 
results for each metal superimposed 
on bioswale aerial photo, in order of 
decreasing statistical significance. 
The results for zinc, lead and cobalt 
showed the greatest decline in 
concentrations along the latitude. The 
points indicate sampling locations and 
their areas are proportional to the 
measured concentration. 
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 Studies of the percentage of metals that bioswales and other biofilers reduce between 
inflow and outflow are frequent, as seen in Anderson et. al. (2016), but where the sequestration of 
metals occurs is not studied as commonly. These Kriging results indicate that almost all metals are 
sequestered within the first catchment basin, indicating that only 20 to 30 feet of bioswale can 
mitigate a large fraction of metal runoff. Zinc, lead, cobalt, copper, and manganese show clear 
decreases in metal concentration across the flow path of the bioswale, but aluminum, vanadium, 
magnesium, chromium, and iron reappear in the lower second and third catchment basins, 
particularly in the east portion of the second catchment basin and the middle of the third catchment 
basin. The proximity of the bioswale to a road and a parking garage indicates that many of the 
anthropomorphic metals present in the bioswale result from automobiles. The reappearance of 
metals in the third catchment basin results from these metals being introduced as aerosols from car 
brakes, since the third catchment basin is directly above the primary entrance to the parking garage. 
Nickel is released through diesel fuel and gasoline, and the highly-aerosolized nature of these 
compounds likely contributes to its noise in distribution. 
 Plants, preferably species native to the area, are commonly used in bioswales to enhance 
pollutant uptake by phytoremediation and decrease water flow rate. Quantifying the ability of the 
plants found in the Pomona bioswale to uptake metals can inform future bioswale designs. 
Resident Carex, Juncus, Epilobium, and non-native Pheonix date palm were tested for their ability 
to phytoremediate. The enrichment factor was used to evaluate phytoremediation because it 
considers the pollution extent of the plant’s soil as shown by Almeida et. al. (2004). While Almeida 
found an enrichment factor on the order of one to five into Juncus maritimus, Juncus patens in this 
bioswale had an enrichment factor less than one. Unfortunately, none of the tested plants appear 
effective at metal uptake due to uptaking less metal than present in the soil, though this study found 
that all plant roots uptake zinc and most uptake magnesium. These low values may be due to the 
bioswale being built in 2012 and therefore only five years old before samples were taken. 
 In addition to using the EPA 3051 protocol for pseudo-total metal extraction, a sequential 
extraction technique was used to analyze the distribution of metals between different soil fractions, 
as the distribution in soil fractions hints at the chemistry of bioremediation, as demonstrated in 
Georgiev et. al. (2016). Sequential extraction was initially used to investigate differences between 
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bulk and rhizosphere soil as well as the role of depth in depth samples. The differences between 
bulk and rhizosphere as well as depth were minimal with respect to distribution of metals in soil 
fractions. Nevertheless, the result illustrated that the soil of the bioswale contained metals 
primarily in the organic fraction. Zinc, aluminum, lead, cobalt, and copper possess a relatively 
smaller percentage in the organic fraction across samples. 
 
Figure 4: Example result of a sequential extraction of soil. Amount of metal in each fraction has been 
normalized due to large differences between concentrations of metals. Metals are displayed in order of 
increasing p-value 
 
The above figure is representative of the distribution of metals within soil fractions of the bioswale. 
Zinc, lead, and manganese, the metals with the lowest organic fraction also had p-values less than 
0.1 for decreasing along the axis of water flow in the linear regression models and were clustered 
by PCA analysis. Therefore, the sequestration of metals by the bioswale may be the result of these 
metals being adsorbed to the organic fraction of the soil as they move through the bioswale. 
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Table 2 shows a trend in the percent of metal in the organic fraction changing with absolute metal 
concentration, demonstrating that p-value is not necessarily indicative of affinity to the organic 
fraction, as seen in the sample in figure 4. While cobalt and zinc have significantly low p-values, 
nickel does not. In addition, manganese and copper both have low p-values but appear unclear or 
negative with respect of change in percent organic fraction. Although there is some trend in the 
increase in percent organic fraction with respect to increasing metal concentration, it appears to be 
more individual to the metal. 
4. Discussion 
 
 Bioswales are a useful blue-green infrastructure tool to capture and clean stormwater runoff 
and recharge groundwater. In urban areas with high shares of impervious surfaces and a broad 
range of pollutant sources, bioswales can help manage stormwater more effectively while taking 
advantage of its comparatively small physical footprint and co-benefits such as improving 
aesthetic value, air quality, wildlife habitat and community education and development. 
Nevertheless, optimal bioswale performance requires detailed knowledge regarding local contexts 
and needs as well as on general design principles, including with regard to materials, slopes, length. 
These aspects are the purview of ongoing research. 
 This study aimed to contribute to a better understanding of the ability of bioswales to 
sequester metals. It used a combination of Principal Component Analysis, regression modeling 
Bayesian Empirical Kriging, plant metal uptake, and sequential extraction to examine how and 
which metals are sequestered as a function of latitude, depth, vegetation and different soil fractions. 
Table 2: The difference between the percent 
organic fraction averaged between samples in the 
first and third catchment basins is displayed. The 
third catchment basin has lower metal 
concentrations for all metals than the first, so the 
difference in percent organic fraction above is 
relative to decreasing metal concentration. Metals 
are ordered with respect to value and error bars are 
the standard error across all samples considered. 
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 The PCA demonstrated similarities among several metals. Specifically, the surface soil 
sample PCA revealed that metals are separated into two clusters, as indicated by their loadings 
onto the second PCA dimension in figure 2. The first cluster consists of cobalt, copper, manganese, 
zinc and lead while the second consists of aluminum, chromium, iron, magnesium and vanadium. 
Nickel loaded approximately equally on both dimensions. Rather than evaluating the behavior of 
each metal as equally importantly, this grouping of metals in PCA identified the metals the 
bioswale remediates most effectively. Linear regression models reinforce this grouping of metals, 
as cobalt, copper, manganese, zinc and lead decrease most significantly along the bioswale with 
latitude (p<0.1). Since these metals largely result from anthropogenic sources, their statistically 
significant decrease in concentrations along the flow path of the bioswale indicates that it 
effectively sequesters anthropogenic metals. Many papers, such as Leroy et. al. (2016) and Liu et. 
al. (2016), study a small selection of metals, and PCA could help determine distinct metals for an 
optimal and comprehensive analysis. 
 The EBK indicates that metals are entering the bioswale through the two inflow pipes from 
the north with additional smaller inflows from the west and east sides. This bioswale borders a 
road on the west and a parking garage covered with artificial turf that serves as a lacrosse field. 
The artificial turf is made from recycled tires and runoff from the parking garage and field is 
directed into the bioswale though several gutters. Zinc, manganese, cobalt and lead appear to be 
entering the bioswale as latitudinal runoff from the road. Lead and zinc are known contaminants 
from tire wear and hence associated with road runoff. Zinc is found in motor oil and grease, which 
is more prolific than the particulates released by tire wear (Grant et. al. 2003) and could justify the 
significant entry of zinc from the west compared to the slighter increase of lead concentrations. 
The metals indicating significant decrease through the bioswale all can be traced to road runoff, 
particularly tire wear  
 Iron, cobalt, nickel, chromium, manganese, aluminum, and copper appear to enter the 
bioswale through two point sources on the east in the second catchment basin, one point source 
introducing only copper north of the other point source. Most of these metals are present on the 
tires of cars and are released primarily through brake lining wear that can aerosolize metals such 
as chromium, copper and nickel onto tires (Grant et. al. 2003). This cluster of metals entering the 
bioswale are likely from brake pad wear, including aerosolized brake dust in the parking garage. 
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Below the bioswale is the primary entrance to the parking garage, and aerosolized metals released 
when applying the brakes as entering the parking garage. Metals found in road runoff from direct 
tire wear can be seen decreasing along the bioswale with statistical significance, since these are 
likely introduced from runoff headed downhill. The second group of metals are primarily 
introduced aerosolized from brake pad wear and do not decrease in a statistically significant 
manner, likely because the metals reappear at the bottom of the bioswale. This appearance is due 
to a higher amount of released brake aerosol caused by direct proximity to the primary entrance to 
the parking garage. 
Water pooling in low-lying areas of the bioswale may also increase metal concentrations 
in soil. Pooling water means that there is more time for the metals in water to adsorb into the soil. 
Local maxima in metal concentrations across the bioswale appear to overlap with the locations of 
trees, likely because trees slow down the flow rate of water and decrease evaporation rates, 
allowing more aqueous metal to be sequestered in the soil. Therefore, future bioswale construction 
should favor trees over sedge or rocks when trying to sequester metal. 
This study also found that cobalt, zinc, and nickel increase in their percent in the organic 
fraction as these metals increase in absolute concentration. Other metals, such as magnesium, 
copper, vanadium, and aluminum decrease in their percent in the organic fraction as these metals 
increase in absolute concentration, whereas the trend with lead, iron, manganese, and chromium 
cannot be discerned. The correlation of increasing metal concentration and increasing percent in 
organic fraction suggests that most metals introduced through road runoff are preferentially 
sequestered in organic fractions of soil. Metals with the weakest statistically significant decrease 
along the bioswale obey the opposite trend by decreasing in organic fraction as they increase in 
concentration. A previous study by Georgiev et. al. (2016) studied soil before and after remediation 
and found that after remediation, the percent of lead in the organic fraction decreased whereas the 
percent of copper in the organic fraction increased. While the Georgiev et. al. study found lead’s 
uncertainty high, its value leans towards a decreasing percent in organic fraction with decreasing 
concentration whereas copper increases in percent organic fraction as its concentration decreases, 
as suggested by Georgiev et. al. The preferential adsorption of a metal appears to depend on the 
metal, rather than its method of introduction into the bioswale or the statistical significance of its 
decrease along the flow path of the bioswale. 
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Metal 
PCA 
cluster in 
dimension 
2 
p-value 
Reappears 
in third 
catchment 
Change in 
percent organic 
fraction with 
increasing 
absolute metal 
concentration 
Introduced 
into 
bioswale by  
Primary source 
in road runoff 
Aluminum negative 0.475 yes -0.03 n/a  
Chromium negative 0.176 yes unclear 
brake 
aerosol 
brake lining 
wear 
Cobalt positive 0.0236 yes 0.25 runoff 
waste from tire 
manufacturing 
Copper positive 0.05873 no -0.08 
runoff and 
brake 
aerosol 
bearing wear, 
brake lining 
wear 
Iron negative 0.128 yes unclear 
runoff and 
brake 
aerosol 
rust 
Lead positive 0.00223 no unclear runoff tires 
Magnesiu
m 
negative 0.256 yes -0.09 n/a  
Manganese positive 0.0627 no unclear n/a  
Nickel near-zero 0.269 no 0.07 
runoff and 
long-
distance 
aerosol 
fuel and exhaust 
Vanadium negative 0.463 yes -0.05 n/a  
Zinc positive 
0.00073
7 
no 0.18 runoff tires, oil 
Table 3: Metals listed alphabetically to avoid biasing a method of analysis. Positive versus negative in 
PCA dimension 2 describes the grouping of metals. Change in percent organic fraction is unclear when 
the standard error is greater than the change. Nickel is differentiated as a long distance aerosol due to its 
presence in exhaust rather than brake lining. 
 
The results of this study are limited to the Pomona College bioswale, which was finished 
in 2014 and therefore is still relatively young. Its exposure to road runoff and other sources of 
point and non-point pollution are also limited, thereby limiting the measured concentration of 
typical storm runoff pollutants. The study selected a wide range of metals but had to exclude 
cadmium, mercury, thallium and silver due to measurements below detection level and 
instrumentation contamination. The sequential extraction performed uses artificial definitions of 
soil and low repeatability protocols, rendering the technique more useful for trend analysis than 
absolute measurements (Zimmerman et. al. 2010). In addition, a limited number of samples reduce 
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the ability to judge whether alder trees in the west flow path, rocks in the middle flow path, or 
sedge in the east flow path are the most efficient in sequestering metals. The limited number and 
possible depth of depth samples also render an analysis of infiltration of metals into groundwater 
difficult to model, though deviation of depth samples from surface samples is apparent with PCA. 
Plant analysis suffers from low repeatability, difficulty in estimating plant age, and soil 
contamination, particularly in roots. 
With respect to conclusions, the PCA, linear regression and EBK reinforced the results on 
surface soil metal concentrations and demonstrated that anthropogenic metals such as zinc, lead, 
manganese, cobalt and copper can be effectively mitigated along the linear flow path of a bioswale. 
Most sequestration occurs within the first 20-30 feet of entering the bioswale. The study also 
pointed to the need to ensure control over stormwater inflow points and utilize trees to sequester 
metals more effectively, rather than rocks or sedge. Furthermore, the vegetation studied proved 
ineffective at metal uptake. Most metals that significantly decrease throughout the bioswale do not 
sequester into non-organic soil fractions, with the exception of copper.  
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Supplemental information 
 
Enrichment factor is defined as follows 
𝐸𝐹 =
(𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑝𝑙𝑎𝑛𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛/𝑝𝑝𝑚)
(𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑏𝑢𝑙𝑘 𝑠𝑜𝑖𝑙/𝑝𝑝𝑚)
  
 
 
 
 
 
Error bars were calculated using the standard deviation of three replicates of a sample. If less than 
three samples were present for analysis, error bars of similar plant samples were averaged and 
used. Nevertheless, these plants do not appear to uptake metals significantly. The sedge root 
samples may be contaminated by soil, causing inflation in metal concentration. 
 
 In addition to modeling surface soil concentrations of metals, this study examined the 
extent of metals leaching through the soil into groundwater. Three depth samples were taken: in 
the middle, rocky path of the first catchment basin that is the entry point of the majority of 
stormwater runoff, on the east side of the second catchment basin among the sedge, and on the 
Figures 5a     5b 
Figures 5c     5d 
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west side of the third catchment basin under an alder tree. Each site was sampled at 0-2 inches, 2-
4 inches, and 4-10 inches, and the soil changed noticeably from dark, organic rich dirt to brown 
clay at the deepest sample. Clays are the original soil in the Claremont area, and topsoil was applied 
during bioswale construction to facilitate water retention and vegetation growth. PCA analysis of 
these samples reveals that catchment basin again causes the highest variance between samples, 
and depth only explains 12.5% of the variance in the data. The metals that vary the largest in depth 
are nickel and copper. 
 
Legend: blue: first catchment basin; green second catchment basin; red: third catchment basin 
squares: 0-2 in. sample; circles: 2-6 in. sample; triangles: 6-10 in. sample 
Figure 3: The upper left corner shows the loading of the metals onto the two first PCA dimensions 
(PCAdim1 and PCAdim2) as projected orthogonally onto x- and y-axes.  
 
 Plants, preferably species native to the area, are commonly used in bioswales to enhance 
pollutant uptake by phytoremediation and decrease water flow rate. Quantifying the ability of the 
plants found in the Pomona bioswale to uptake metals can inform future bioswale designs. 
Resident Carex, Juncus, Epilobium, and non-native Pheonix date palm were tested for their ability 
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to phytoremediate. The enrichment factor was used to evaluate phytoremediation because it 
considers the pollution extent of the plant’s soil as shown by Almeida et. al. (2004). Unfortunately, 
none of the tested plants appear effective at metal uptake, though this study found that all plant 
roots uptake zinc and most uptake magnesium. 
 
Thiessen polygons generated in ArcMap Version 10.4 were used to detect spatial outliers. No 
significant outliers were present, indicating the Empirical Bayesian Kriging is valid. 
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